A second γ -decaying high-spin isomeric state, with a half-life of 197 (22)ns, has been identified in the N = Z + 2 nuclide 94 Pd as part of a stopped-beam Rare Isotope Spectroscopic INvestigation at GSI (RISING) experiment. Weisskopf estimates were used to establish a tentative spin/parity of 19 − , corresponding to the maximum possible spin of a negative parity state in the restricted (p 1/2 , g 9/2 ) model space of empirical shell model calculations. The reproduction of the E3 decay properties of the isomer required an extension of the model space to include the f 5/2 and p 3/2 orbitals using the CD-Bonn potential. This is the first time that such an extension has been required for a high-spin isomer in the vicinity of 100 Sn and reveals the importance of such orbits for understanding the decay properties of high-spin isomers in this region. However, despite the need for the extended model space for the E3 decay, the dominant configuration for the 19 − state remains (πp
A second γ -decaying high-spin isomeric state, with a half-life of 197 (22) ns, has been identified in the N = Z + 2 nuclide 94 Pd as part of a stopped-beam Rare Isotope Spectroscopic INvestigation at GSI (RISING) experiment. Weisskopf estimates were used to establish a tentative spin/parity of 19 − , corresponding to the maximum possible spin of a negative parity state in the restricted (p 1/2 , g 9/2 ) model space of empirical shell model calculations. The reproduction of the E3 decay properties of the isomer required an extension of the model space to include the f 5/2 and p 3/2 orbitals using the CD-Bonn potential. This is the first time that such an extension has been required for a high-spin isomer in the vicinity of 100 Sn and reveals the importance of such orbits for understanding the decay properties of high-spin isomers in this region. However, despite the need for the extended model space for the E3 decay, the dominant configuration for the 19 − state remains (πp The N ≈ Z nuclei just below 100 Sn are of particular interest in contemporary nuclear structure studies. As well as lying on the pathway for rp-process nucleosynthesis in x-ray burster scenarios [1] , these nuclei also provide significant information in relation to shell structure close to the last doubly magic N = Z nuclide [2] and constitute a key region for testing the reliability of the shell model (SM) and SM interactions [3] . The region is generally well described by the SM in a minimum space comprising p 1/2 and g 9/2 protons and neutrons [3] [4] [5] . Exploration of the limits of this approach with respect to inclusion of the p 3/2 and f 5/2 orbitals and excitations across the N = Z = 50 shell closure is a challenge both to the SM and experimental techniques.
This region is also remarkable for an abundance of isomeric states [6] . Particularly interesting is the occurrence of high-spin isomers which can provide an ideal testing ground for the study of neutron-proton interactions near the N = Z line [6] . One of the most striking cases is the (21 + ) level in 94 Ag, with recent papers reporting evidence for a variety of particle decay channels: β [7, 8] , βp [9] , p [10] , and 2p [11] . The latter of these is the subject of much debate in the literature [12] [13] [14] [15] [16] .
The T z = 1 nuclide 94 Pd has been studied in a number of experiments [7, 8, [17] [18] [19] [20] [21] and has a known 14 + isomer that decays through γ decay and internal conversion (IC). The half-life of this state has been measured previously, yielding values of 800(200) [17] , 600(100) [18] , 530(10) [19] , and 468 (19) [21] ns. A cascade of transitions above the 14 + isomer has been tentatively placed from β-decay studies of the (21 + ) isomer in 94 Ag [7, 8] . The current work presents data from a Rare Isotope Spectroscopic INvestigation at GSI (RISING) experiment showing clear evidence of a second isomeric state that feeds the 14 + level through some of these transitions. The reproduction of the decay properties of this isomer in shellmodel calculations requires the inclusion of the negative-parity p 3/2 and f 5/2 orbitals. 94 Pd and other nuclei of interest were produced by the fragmentation of an 850 MeV/nucleon 124 Xe beam, provided by the SIS synchrotron at GSI, on a 4 g/cm 2 9 Be target. Fragments were separated by the FRagment Separator (FRS) (see Ref. [22] and Fig. 1 of Ref [21] ) and detectors at the central, "S2," and final, "S4," foci were used to uniquely identify each ion on an event-by-event basis as described in Refs. [21, 23] with the addition of time projection chambers at each focal plane for more precise position measurements. Figure 1 shows a Z versus A/Q identification plot using the data from the FRS detectors. Due to the high energies involved, in virtually all cases the ions are fully stripped, i.e., Q = Z.
At the S4 focal plane the transported fragments were slowed down in an aluminum degrader, passed through a further scintillator, allowing for rejection of ions that underwent nuclear reactions in the degrader, and implanted in an active stopper. The stopper consisted of nine double-sided silicon strip detectors (DSSSD) arranged in three layers of three detectors, with each layer facing normal to the beam axis. A description of the properties of a similar, six DSSSD, stopper is given in Ref. [24] . The stopper was surrounded by the RISING array of 105 germanium (Ge) detectors in its stopped beam configuration [23] . Using the information from the S2 and S4 detectors and the energy and timing information from the Ge detectors, time-walk corrected γ -time and γ -γ matrices were constructed for each implanted nuclide. The data were analyzed in ROOT [25] and RADWARE [26] , and half-lives were determined using the ROOT implementation of MINUIT [27] .
The S4 degrader has a detrimental effect on isomer spectroscopy due to bremsstrahlung radiation associated with the slowing down of the ions as they pass through [28] . This leads to spurious counts in the γ -ray spectra: the "prompt flash." Spectroscopic studies of low-energy transitions from short-lived isomers are particularly badly affected due to the (orders of magnitude) larger contribution the flash makes at lower energies (especially below ∼150 keV in the present case) and the poorer time resolution at such energies which smears the flash out over a number of time bins. Figure 2 shows a projection to the energy axis of the γ -time matrix associated with 94 Pd implantation events. Defining t = 0 as the time at which the prompt flash peaks, the time range of the projection corresponds to t = 175 to t = 1025 ns. The yrast transitions from 14 + to 0 + [7] are evident as are the previously identified 10 [20] at 745 and 347 keV, respectively. The efficiency corrected ratio for the intensity of the 660, 814, 906, and 994 keV transitions compared to the 96 keV transition is 2.7(1) giving an IC coefficient for the 96 keV transition of 1.7(1), in excellent agreement with both previous measurements [20, 21] and the theoretical prediction for an E2 transition of 1.62(7) obtained using the program BRICC [29] . The γ -ray branching ratio of the 10 + state to the nonyrast (8 + ) state was found to be 9(1)% by comparing the mean intensity of the 347 and 745 keV peaks to that of the 1092 keV peak. Figure 2 clearly shows peaks at 267 and 408 keV. These transitions have been seen before [7, 8] Fig. 2 shows evidence of a small peak at 106 keV. The agreement between the summed intensity of the 1545 and 1651 keV transitions and the individual intensities of the 267 and 408 keV transitions is excellent once detector efficiency has been accounted for. The final transition previously identified above the 14 + state had an energy of 597 keV [7, 8] . This is not seen in the present data.
Figures 3(a) and 3(b) show the low-energy part of the coincidence spectra for the 1545 and 1651 keV transitions. The coincidence gate used to produce the γ -γ matrix required that γ rays were seen between t = 100 and t = 800 ns. In both cases the 267 and 408 keV peaks can be seen. However, the 1545 coincident spectrum has a further peak at 106 keV. The Fig. 4 . The experimental results for the isomers are summarized in Table I . The data unambiguously places the 1545 keV transition above the 408 and 267 keV transitions and below the 597 keV transition in the 94 Pd level scheme, an assignment that was previously based only on shell-model calculations and comparison with the N = 48 isotones [8] . However, the ordering of the 267 and 408 keV transitions still remains uncertain.
The size of the Compton background makes isomer half-life measurements using the low-energy γ rays at 267 and 408 keV difficult. Conversely, the background under the 1545 and 1651 keV peaks can have no direct contribution from Compton scattering of photons from the transitions below the 14 + isomer; the prompt flash is also small and well constrained due to optimal time resolution at these energies. For the 1545 keV transition it is the low statistics which does not allow for a reliable half-life measurement. However, it was possible to implement a background-subtracted, weightedleast-squares exponential fit to the time distribution of counts in the 1651 keV peak, as shown in the bottom left corner of (19) ns [21] ]. The reliability of the assumption of vanishing background in this analysis is confirmed by the excellent agreement with fits to the time spectra resulting from gates on individual peaks with background subtraction.
Assuming the prior spin/parity assignments of the state at 5561 keV to be correct (see below), Weisskopf estimates would seem to give only one reasonable option for the spin of the state of the new isomer, namely, 19. A lower spin would open the possibility of fast quadrupole decays; with a higher spin, one should expect a millisecond (or longer) half-life for a 1651 keV γ decay to a 16 + state. Assigning the above spin, the reduced E3 and M3 transition strengths are 0.28 and 12 W.u., respectively. The latter exceeds the recommended upper limit for such a transition given in Ref. [30] by 20%. The corresponding E1 and M1 Weisskopf strengths for a 106 keV transition are 0.3 and 10 µW.u., respectively. Again the data would appear to support a transition of electric character, with retarded E1 transitions as low as 10 −7 W.u. being fairly common, while M1 transitions with strengths of 10 −5 W.u. are less so [30] . Hence we tentatively assign a spin and parity of 19 − to the new isomer. In order to compare results with theoretical expectations, two different SM calculations were carried out using the code OXBASH [31] . The first-henceforth known as P1G9 and illustrated in the center of Fig. 4 -used only the empirical shell-model interaction of Gross and Frenkel [4] (GF) in the πν(p 1/2 , g 9/2 ) model space. This is a fit to experimental level schemes and binding energies and extrapolates proton and neutron single-hole energies (SHE) to 100 Sn. This is the same calculation as found in Fig. 5(b) of Ref. [7] but here we include several additional states. The second-referred to as F5PG9 and shown at the right of Fig. 4 -is based on the same interaction for the πν(p 1/2 , g 9/2 ) model space but was augmented by the πν(f 5/2 , p 3/2 ) model space using an interaction derived from the CD-Bonn nucleon-nucleon potential [32] . Core polarization has been corrected for following the many-body approach outlined in Ref. [33] assuming a 56 Ni core, with the two-body matrix elements (TBME) scaled down by ( 56 100 ) 1/3 . This interaction was tuned to reproduce the experimental p 3/2 and f 5/2 SHE in 88 Sr and the extrapolated SHE for all valence orbits in 100 Sn [34] . As the GF interaction was empirically fitted to the restricted model space, it has to be corrected for the extended space to avoid "double counting" of interaction strength which is most severe in the T = 1 pairing channel. Therefore, all I π = 0 + GF TBME were reduced by 540 keV, keeping the multiplet monopole unchanged. Moreover, all nondiagonal TBME in the GF space were reduced to 50%. Transition rates were calculated using typical effective charges for the GF space of 1.72e and 1.44e [5] [8] , and references therein).
The most notable difference between the two models is the lowering of the negative-parity states with the inclusion of np-nh excitations from the negative-parity f 5/2 and p 3/2 orbitals. This yields better agreement for the excitation energy of the lowest 5
− state compared to the original P1G9 calculation though the reduction in energy is slightly too large. The sequence of high-spin states of both parities is generally well reproduced in both approaches, the key exception being the reversed order of the 17 − and 19 − states in the F5PG9 calculation, the former of which is lower in energy by about 80 keV. This is within the uncertainty of the shell-model prediction and possibly due to insufficient correction of the "double counting" of interaction strength and/or the lack of inclusion of excitations across the N = 50 shell gap. The latter was seen to be important in reproducing the isomerism of the (21 + ) state in 94 Ag [8, 13] . In the P1G9 calculation, the 19 − state has a pure (πp
9/2 ) 8 configuration and corresponds to the maximum-spin negative-parity state allowed in the space; in the F5PG9 calculation this remains the dominant configuration (89.5%) but is supplemented by small admixtures of (πp 9/2 ) (4.0%). An alternative interpretation for the isomerism-that the state at 7212 is actually a 17 − state that is fed by an unseen, isomeric, low-energy, highly converted transition from a higher lying 19 − state-cannot be firmly ruled out from the data. However, the comparable branching ratios for the transitions from the state at 7212 keV to the states at 5561 and 7106 keV seems improbable for transitions that are of the same multipolarity but differ by an order of magnitude in energy. Since this argument would apply even if the state at 7106 were the 17 + state and both calculations support the assignment of 16 + for the state at 5561 keV, we discount this possibility. SM-reduced transition strengths for observed and predicted (but not observed) transitions are listed in Table I 8 and both E1 and E3 decay branches. The present results reveal the importance of including the well-bound f 5/2 and p 3/2 orbits for understanding the decay properties of high-spin isomers in the vicinity of 100 Sn. Such isomers and their decay properties provide an excellent testing ground for empirical interactions and model spaces and form an important step in the development and understanding of proton-neutron interactions in nuclei.
